The Calvin-Benson-Bassham reductive pentose phosphate pathway is the major pathway for organisms to fix CO 2 into organic carbon. This pathway is shared by diverse organisms, from bacteria to algae to green plants, with the crucial reaction of this pathway catalyzed by the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO). RubisCO is the most abundant protein on Earth (12) and is among the most intensively studied of enzymes, presumably because this bifunctional enzyme controls both the reduction of CO 2 and the oxygenolysis of ribulose-1,5-bisphosphate. Thus, this protein and its catalytic activity have vast agricultural and environmental significance. Since RubisCO is responsible for nearly all the carbon fixed on this planet, nearly all primary production is linked to the function of this enzyme. RubisCO also plays a major role in modulating the levels of atmospheric CO 2 , which is thought to be a major component of global warming. RubisCO from prokaryotic and eukaryotic organisms is composed primarily of two types of subunits, large (L) and small (S) subunits in a basic hexadecameric L 8 S 8 structure (45) . The nucleotide and amino acid sequences of small subunits vary extensively among diverse organisms. Although significant differences amongst various organisms are evident and are diagnostic of the species (46) , the primary structure of the large subunit of RubisCO is relatively well conserved.
Regulation of RubisCO gene expression and control of enzyme activity are exerted at different levels and by multiple mechanisms (46) . Regulation of rbcL gene expression at the transcriptional level is an important and sensitive way to adapt to changes in the environment. However, merely determining the abundance of RubisCO genes in a particular ecosystem only indicates the potential capacity for transcription/translation and subsequent carbon fixation by representatives of the population. By contrast, quantification of specific rbcL transcripts (mRNA) is reflective of active cell metabolism and gene expression. Recently, Pichard and Paul (39) showed that determination of both rbcL mRNA and rbcL gene levels could be used as a specific measure of gene expression in environmental samples. This parameter, or the gene expression per gene dose, obtained by dividing the mRNA abundance by the target DNA concentration, normalizes gene expression for different target population sizes (39) .
Lake Erie is one of the largest lakes in the world. Like all other lakes, Lake Erie is undergoing eutrophication. This process is accelerated by human activities through inputs of nutritive materials that enrich the aquatic system. In recent years, the effect of eutrophication has been compounded by the introduction of an exotic species: the zebra mussel (8, 17) . Phy-toplanktonic microorganisms constitute one of the main groups of primary producers in Lake Erie (5); however, in recent years, the number of such organisms has been shown to be decreasing significantly in the Western Basin of Lake Erie, because of a reduction of phosphorus loading and the introduction of the zebra mussel (29, 33) . Although there have been thorough surveys of the abundance and diversity of the phytoplankton in Lake Erie (29) , little is known of how the CO 2 fixation machinery operates and responds to environmental changes in this and other aquatic ecosystems. Reverse transcription-PCR (RT-PCR) has been used extensively to identify viral particles in vivo (7, 23, 31) and in various natural environments (27, 31, (48) (49) (50) . However, RT-PCR has not been widely used to study transcriptional regulation in natural populations. Recently, RT-PCR was used to quantitate fungal mRNAs in Phanerochaete chrysosporium-colonized soil (26) , and Song and Osborn combined RT-PCR with restriction fragment length polymorphism to examine the expression of homologous genes in polyploid plants (44) . Finally, most relevant to the current study, Pichard et al. (36) used RT-PCR and sequence analysis to examine taxonomically diverse phytoplanktonic communities in natural oceanic environments. Thus, the objective of this study was to determine rbcL gene expression per gene dose for rbcL genes from two groups of CO 2 -fixing organisms, representing organisms containing types IB and ID RubisCO, at various depths at different sites in Lake Erie. On the basis of partial rbcL gene sequences derived from RT-PCR amplification of rbcL mRNA from natural samples, we also attempted to identify and categorize individual organisms actively involved in CO 2 fixation.
MATERIALS AND METHODS
Sampling procedures. Samples were collected at four stations in the western basin of Lake Erie (Fig. 1) . Station G was near Gibraltar Island (41Њ39.50ЈN, 82Њ49.10ЈW), station B was north of Ballast Island (41Њ41.34ЈN, 82Њ47.32ЈW), station M was outside Marblehead (41Њ33.74ЈN, 82Њ45.09ЈW), and station S was inside Sandusky Bay (41Њ28.91ЈN, 82Њ45.64ЈW). These stations were selected because they represent different lake environments. Sandusky Bay acts as a reservoir for large amounts of agricultural runoff and municipal discharges. It is also a largely enclosed water body, where little mixing with water of other parts of the lake occurs; in the absence of seiche activity (standing waves), water flows unidirectionally into the main body of Lake Erie. Marblehead station is a relatively shallow nearshore environment. Ballast Island station is one of the deepest sites in the western basin of Lake Erie. The Gibraltar Island site is near the boat dock facing Put-in-Bay; extensive water plant growth was evident at this site. Surface and subsurface water samples (0 to 10 m deep) were collected with a 4-gal (15-liter) Wildco water sampler (Wildlife Supply Co., Saginaw, Mich.). The water temperature was recorded immediately for each sample collected. All sites were isothermal between different depths, indicating lack of physical stratification.
RNA extraction. Reagents were prepared in glassware that had been baked at 260ЊC for 5 h. All solutions were made with distilled water treated with diethylpyrocarbonate (Sigma Chemical Co., St. Louis, Mo.). Lake water samples were filtered onto 47-mm Millipore Durapore membranes (pore size, 0.22 m) with a Nalgene filtering apparatus. Four or five membranes were used per sample to collect enough biomass for RNA extraction and gene expression analysis. The membranes were then cut into small pieces with a pair of baked scissors; threaded membranes were placed into a baked 25-ml Corex heavy-duty centrifuge tube (with a screw cap). A 5-ml volume of GIPS extraction reagent (4 M guanidine isothiocyanate [GIBCO-BRL, Gaithersburg, Md.], 0.5% Sarkosyl, 25 mM sodium acetate [pH 7.0], 0.1 M 2-mercaptoethanol) (39) was added to the centrifuge tube, and the tube was immediately capped and frozen in a dry-iceethanol bath for 15 min. All frozen samples were kept on dry ice throughout the sampling trip until they were returned to the laboratory for further processing. They were then thawed at 50ЊC for 10 min and then refrozen in a dry-ice-ethanol bath. The freeze-thaw cycle was repeated two more times to help break the cells of microorganisms. The material was extracted with an equal volume of acidic buffer-saturated phenol (pH 4.3; AMRESCO, Solon, Ohio) at 65ЊC, and the extraction mixture was incubated in a 65ЊC bath for 5 min. A half volume ) was added to the nucleic acid solution, and the mixture was incubated at 37ЊC for 25 min. The contents were then extracted once with acidic phenol and once with chloroform-isoamyl alcohol (24:1). RNA was precipitated similarly overnight, centrifuged, and then dried. The precipitate was dissolved in diethylpyrocarbonate-treated water (in 1/10,000 of the original water volume). DNA extraction. To prepare a total-DNA sample, equal amounts of water from the same sample used for the RNA extraction were filtered on four or five Durapore membranes, as described above. Threaded membranes were immediately immersed in 4.5 ml of DNA extraction buffer (20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 50 mM EDTA) (22) and frozen in a dry-ice-ethanol bath for 15 min. These samples were kept on dry ice until they were returned to the laboratory for DNA extraction, using a protocol modified from that of Jacobs et al. (22) . Each tube was thawed at 50ЊC for 10 min. Then, 250 l of 20% sodium dodecyl sulfate (SDS) was added, the solution was mixed, and 250 l of proteinase K (10 mg/ml) was added. The mixture was incubated for a further 10 min at 50ЊC and frozen again for 15 min in a dry-ice-ethanol bath. The freeze-thaw procedure was repeated two more times, and the thawed mixture was extracted twice with buffered phenol (pH 8.0) and finally once with chloroform-isoamyl alcohol (24:1). Nucleic acids were precipitated by the addition of 1/10 volume of 3 M potassium acetate (pH 5.5) and 2 volumes of ethanol and were then dried and dissolved in distilled water. All DNA solutions were treated with RNase and extracted with phenol-chloroform. The DNA was precipitated and dissolved in distilled water as described above.
Preparation of radiolabeled antisense RNA probes and rbcL mRNA and DNA standards. 35 S-radiolabeled antisense RNA probes were synthesized from plasmids pRLD1 (containing the Cylindrotheca sp. strain N1 rbcL gene) and pLC1 (containing the Synechococcus sp. strain PCC 6301 rbcL gene) (38) with a MAXIscript in vitro transcription kit (Ambion Inc.). Plasmids pRLD1 and pLC1 contain rbcL genes on riboprobe vector pGEM-3Z (Promega Corp., Madison, Wis.) from which single-stranded RNA probes or RNA transcripts may be conveniently prepared. By using the same in vitro transcription kit, unlabeled rbcL mRNAs from both Cylindrotheca sp. strain N1 and Synechococcus sp. strain PCC 6301 were also synthesized to construct mRNA standard curves. To obtain rbcL DNA, plasmids pRLD1 and pLC1 were digested with appropriate restriction endonucleases and rbcL DNA fragments were isolated and purified from an agarose gel by Geneclean (Bio101, Inc., Vista, Calif.) protocols following electrophoretic separation of the DNA fragments. Both mRNA and DNA were quantified with a DNA fluorometer (TK0100; Hoefer Scientific Instruments, San Francisco, Calif.).
Nucleic acid blotting and hybridization. Denatured RNA and DNA samples, as well as mRNA and DNA standards, were vacuum blotted (in duplicate) onto GeneScreen Plus membranes (NEN/Du Pont) with Bio-Dot slot format blotting apparatus (Bio-Rad, Hercules, Calif.) as specified by the manufacturer. Blotted membranes were baked for 30 min at 80ЊC. Cylindrotheca sp. strain N1 and Synechococcus sp. strain PCC 6301 rbcL antisense probes (about 10 6 cpm) were used to probe the abundance of rbcL mRNA in RNA samples and the amount of rbcL DNA in DNA samples blotted to the membranes. Hybridizations were carried out overnight at 42ЊC in 50% formamide-6ϫ SSPE (1ϫ SSPE is 150 mM NaCl, 10 mM NaH 2 PO 4 ⅐ H 2 O, plus 1 mM EDTA)-5ϫ Denhardt's solution-0.5% SDS. The blots were washed twice in 2ϫ SSPE-0.5% SDS at 58ЊC for 15 min. The final wash was carried out in 0.1ϫ SSPE-0.5% SDS at 58ЊC for 30 min. Radioactive rbcL mRNA and DNA signals were quantified with an Instant Imager 2024 (Packard Instrument Co., Meriden, Conn.). rbcL mRNA and DNA levels from samples were obtained from rbcL mRNA and DNA standard curves.
RT-PCR amplification of rbcL mRNA of Lake Erie samples. rbcL mRNA was amplified from total RNA samples from Lake Erie by the method of BeckerAndre and Hahlbrock (2) with degenerate oligonucleotide primers designed on the basis of two highly conserved domains (amino acid stretches KPKLGLS and VVGKLEG) of RubisCO. The primer corresponding to amino acids KPKLGLS (primer K) is 5Ј-GCGAATTCAA(AG)CC(TA)AA(AG)(TC)TAGG(TG)(CT) T(AT)TC-3Ј, and the primer corresponding to amino acids VVGKLEG (primer V), is 5Ј-AGGGATCC(TC)TC(TC)A(AG)(TC)TTACC(AT)AC(GAT)AC-3Ј. EcoRI and BamHI restriction sites were added to the 5Ј ends of primers K and V, respectively, to aid the cloning process. Conversion of rbcL mRNA to cDNA was carried out in a final volume of 20 l containing 2 g or less of total RNA, 4 l of 5ϫ RT buffer (Boehringer Mannheim), 100 ng of primer V, 0.5 mM each deoxynucleoside triphosphate (dNTP), 12.5 U of RNasin (Ambion), and 24 U of avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim). Before addition of RNasin and reverse transcriptase, the reaction mixture was heated at 65ЊC for 5 min and cooled slowly to room temperature. RT was carried out at 42ЊC for 60 min. The reaction was stopped by adding 80 l of Tris-EDTA (TE) buffer. For PCR amplification of rbcL cDNA, 2 l of RT mixture was combined with 10 l of 10ϫ PCR buffer (U.S. Biochemicals), 0.01% gelatin, 200 M each dNTP, 1 M primer K, 1 M primer V, and 0.5 l (2.5 U) of Taq polymerase (U.S. Biochemicals) in a final volume of 100 l. The contents of the reaction vial were thoroughly mixed, centrifuged, and overlaid with 100 l of mineral oil. Amplification was performed in a DNA thermal cycler (Perkin-Elmer Corp., Norwalk, Conn.) with 39 cycles of 1 min at 94ЊC, 2 min at 50ЊC, and 1 min at 72ЊC. These cycles were followed by a 20-min incubation at 72ЊC. PCR products were electrophoresed on 0.9% agarose gels and stained with ethidium bromide solution for visualization. The expected size of the PCR-amplified rbcL gene is 0.5 kb. The amplified products were transferred to a GeneScreen Plus membrane and probed with an rbcL gene probe to confirm the identity of the PCR products.
Cloning of PCR amplified rbcL gene fragments. PCR products were extracted with phenol and chloroform once each and precipitated with ethanol. One-fifth of the PCR products were digested with EcoRI and BamHI and ligated with EcoRI-BamHI-digested pK18 (40) . E. coli JM109 competent cells were transformed with the ligation mixtures. Recombinant colonies were picked, and plasmid DNA was isolated from each clone. Restriction endonuclease digestion was performed to confirm the existence of a 0.5-kb insert in each recombinant plasmid.
DNA sequencing and phylogenetic analysis. Plasmids containing PCR-amplified inserts were used directly for sequencing. Plasmids were purified with either CsCl 2 gradients (43) or QIAGEN-tip 20 (QIAGEN Inc., Chatsworth, Calif.) as specified by the manufacturer. The inserts were completely sequenced from both DNA strands by the Taq Dye-Deoxy primer and terminator cycle sequencing kits (Applied Biosystems, Inc., Foster City, Calif.). Sequence reaction mixtures were electrophoresed with an Applied Biosystems model 373 DNA sequencer. Nucleotide sequence data were analyzed by the sequence analysis programs of the University of Wisconsin Genetics Computer Group, as well as by MacVector sequence analysis software (International Biotechnologies, Inc., New Haven, Conn.). Amino acid sequence data were aligned by using the CLUSTAL W package (47) . A phylogenetic tree was constructed by the neighbor-joining program of the PHYLIP package (version 3.5c) (13) . Bootstrap analyses for 100 replicates (13) were performed to provide confidence estimates for tree topology.
Nucleotide sequence accession numbers. Lake Erie Ballast Island rbcL partial cDNA clones and corresponding GenBank accession numbers are as follows: 0m1, U42639; 0m10, U43056; 0m2, U43057; 0m3, U43058; 0m4, U43059; 0m6, U43060; 10m1, U43061; 10m10, U43062; 10m11, U43063; 10m12, U43064; 10m14, U43065; 10m2, U43066; 10m3, U43067; 10m7, U43068; 10m9, U43069; 5m1, U43070; 5m2, U43071; 5m26, U43072; 5m4, U43073; 5m6, U43074; 5m7, U43075.
RESULTS
rbcL gene expression per gene dose. All sampling sites were isothermal, indicating that western Lake Erie was not physically stratified. To estimate rbcL gene expression per gene dose among two broad groups of CO 2 fixation organisms, blotted total RNA and DNA were separately hybridized with antisense RNA probes prepared from rbcL genes of Cylindrotheca sp. strain N1 (representative of type ID RubisCO) and Synechococcus sp. strain PCC 6301 (representative of type IB RubisCO), respectively (Fig. 2) . The hybridization conditions were such that the rbcL DNA from Cylindrotheca sp. strain N1 did not hybridize with the rbcL antisense RNA probe of Synechococcus sp. strain PCC 6301, and vice versa (Fig. 3) . Similarly, rbcL mRNA from Cylindrotheca sp. strain N1 did not cross-react with an rbcL antisense RNA probe of Synechococcus sp. strain PCC 6301, and vice versa (data not shown). Quantitative analysis (Fig. 4A) indicated that the Marblehead 0-and 4-m water samples appeared to contain the highest levels of cyanobacterium-type and diatom-type rbcL, respectively, based on the level of rbcL DNA contents. In all samples, cyanobacteriumtype rbcL DNA and mRNA were generally more abundant than those of diatom-type rbcL (Fig. 4A and B) . Diatom-type rbcL gene expression per gene dose was highest in Sandusky Bay, and this parameter decreased as the sampling sites moved toward open waters (Fig. 4C) . Cyanobacterium-type rbcL gene expression per gene dose was similar at the Sandusky Bay (S) and Marblehead (M) sites, regardless of depth, but increased significantly with depth at the Ballast Island (B) site (Fig. 4C) (Fig. 4C) .
RT-PCR of rbcL mRNA. The previous experiments, which indicated the amount of mRNA expressed per gene dose, broadly indicated which group(s) of organisms was actively engaged in CO 2 fixation and at what level of activity. Not surprisingly, it was very difficult to determine which species were dominant in a particular environment solely on the basis of hybridization experiments. Therefore, RT-PCR was used in an attempt to obtain double-stranded DNA fragments derived from actively transcribed rbcL genes in the natural environments examined in this study. Theoretically, complete rbcL PCR products defined by the primers would yield fragments of either 502 or 499 bp (chromophytic and rhodophytic RubisCO large subunits contain one less amino acid than do large subunits of cyanobacteria, green algae, and higher plants within the amplified region [see below]). As expected, agarose gel electrophoresis of RT-PCR products (Fig. 5A ) indicated that the major DNA fragments were about 500 bp. Southern hybridization analysis with the diatom Cylindrotheca sp. strain N1 rbcL antisense RNA probe confirmed that these 500-bp bands were indeed rbcL-specific DNA fragments (Fig. 5B) .
Sequence analysis of PCR-amplified rbcL genes. To determine the identities of individual species performing CO 2 fixation, RT-PCR-generated fragments from each sample were separately cloned. Thus far, a total of 21 RT-PCR-amplified rbcL gene fragments from the Ballast Island station have been completely sequenced. Six clones were each derived from 0-and 5-m depths, and nine clones were derived from a depth of 10 m at this site. All these sequences may be classified into two groups: those of 450 bp and those of 447 bp, as defined by primer locations. Interestingly, the first group contains all green algal rbcL sequences, as indicated (see Fig. 6 and 7) . Some sequences were nearly identical: clones 10m11 and 0m2 differed by only one nucleotide; clones 0m6 and 0m4 differ by two nucleotides; clones 10m11 and 10m7 differ by three nucleotides. The second group includes sequences that align well with the large subunit of the marine diatom Cylindrotheca sp. strain N1 or the multicellular red alga, Antithamnion sp. Two clones (10m1 and 10m2) were identical; clone 10m9 was nearly identical to 10m1 and 10m2, with only two nucleotides different; and clones 10m3 and 5m4 differ by one nucleotide.
Deduced amino acid sequences and phylogenetic analysis. Deduced amino acid sequences of 21 partial rbcL genes from Lake Erie and of several representative known rbcL genes were aligned (Fig. 6) . It is apparent that, just like the nucleotide sequences, 21 deduced amino acid sequences from Lake Erie rbcL clones and 13 other representative form I rbcL deduced amino acid sequences can be initially divided into two groups based on the length of the amino acid sequence defined by the two primers (Fig. 6) . The top 18 sequences (from Spinacia oleracea to Thiobacillus ferrooxidans) all contain 150 amino acids within this stretch, while the bottom 16 sequences (from Rhodobacter sphaeroides I to Antithamnion sp.) all contain 149 amino acids. This division of two groups of largesubunit sequences can also be seen on the dendrogram (Fig. 7) . Clones 10m14 and 5m26 are closest to the position of diatom (Cylindrotheca sp. strain N1) RbcL. Five clones from 10 m deep (10m1, 10m2, 10m9, 10m10, and 10m3) and one clone from 5 m deep (5m4) might belong to other chromophytic and rhodophytic organisms (Fig. 7) . Clones 0m1 and 5m6 appeared to be distantly related to RbcLs of rhodophytes, prymnesiophytes, and cryptophytes. On the other hand, three clones (0m2, 10m11, and 10m7) clustered closely with RbcL of the green alga Chlamydomonas reinhardtii. Two 5-m-deep clones (5m7 and 5m1) branched out from Chlorella ellipsoidea RbcL (Fig. 7) . Five clones (10m12, 0m3, 0m6, 0m4, and 0m10) might thus be related to other chlorophytes. From an ecological standpoint, it may be summarized that five of the six clones from the 0-m-deep sample were chlorophytes while six of nine clones from the 10-m-deep sample were from organisms of chromophytic and rhodophytic lineage. At 5 m deep, the transcriptionally active planktonic community consisted of a rather diverse group of microorganisms, namely, organisms related (although sometimes distantly) to Chlorella ellipsoidea, Cylindrotheca sp. strain N1, Olisthodiscus luteus, and Antithamnion sp.
DISCUSSION
Pichard and Paul (39) were the first to report the detection of gene expression in an indigenous community by mRNA analysis. They combined guanidine isothiocyanate RNA extraction with the use of antisense and sense RNA probes to analyze gene expression of the neomycin phosphotransferase gene (nptII) in a simulated microcosm and the RubisCO largesubunit gene (rbcL) in a natural phytoplankton community. Light-responsive rbcL expression was observed in this phytoplankton community. Pichard et al. developed the concept of gene expression per gene dose as a specific measurement of gene expression in the environment (37, 39) . These authors used the target gene dose as a normalizing factor for mRNA quantification from environmental samples, and this concept was used to monitor the regulated expression of the catechol-2,3-dioxygenase gene (xylE) contained on a thermoregulated plasmid in a marine Vibrio strain in a simulated environment (39) . When rbcL gene expression of oceanic phytoplankton was examined, a trend was observed such that the levels of rbcL gene expression (mRNA/DNA ratio) decreased between three-and eightfold from estuarine to offshore environments. In an offshore vertical profile, the subsurface maximum in the rbcL mRNA/DNA ratio coincided with the 60-m maximum in photosynthetic assimilation rates. In a simulated incubator, rbcL gene expression in the light was five times higher than in the dark (37) .
On the basis of sequence homologies, form I RubisCO proteins from various sources may be grouped into four main evolutionary lineages, two of which, types A and B and types C and D, are more closely related to each other than to members of the opposite pair (46) . However, practical use of knowledge of the evolutionary lineage of natural populations of CO 2 -fixing organisms has not been fruitful. In the present study, we have attempted to use the gene-expression-per-gene-dose concept to analyze rbcL expression in a large freshwater ecosystem (Lake Erie), a system known to undergo fluctuations in phytoplankton appearance (29, 32) . We have shown experimentally that purified rbcL genes and mRNA from type ID did not hybridize to rbcL gene probes from a representative of type IB (Fig. 3) (RNA data not shown). Moreover, the two rbcL probes from representative species of these two groups (e.g., Cylindrotheca sp. strain N1 and Synechococcus sp. strain PCC 6301) could definitely be used to estimate rbcL gene expression per gene dose in Lake Erie environments.
Phosphate has been implicated as a limiting nutrient for freshwater phytoplankton production (6, 42) . There is evidence that Lake Erie has reversed its course of eutrophication and has become mesotrophic in recent years. The total chlorophyll concentrations in the western basin of Lake Erie in 1991 were typical of oligotrophic areas of the upper Great Lakes (33) . In addition, the phosphate concentration has decreased (3). The hybridization results indicated that the diatom (type ID) rbcL gene expression per gene dose decreased as sampling sites moved from Sandusky Bay toward open-water environments. It is thus possible that phosphate is a limiting factor in offshore areas of Lake Erie for certain groups of organisms, such as diatoms. Our results, which indicated that the Gibraltar Island site showed the lowest rbcL gene expression for both types of organisms, may be partially explained by the fact that the sample was collected near a boat dock, where Nucleotide sequence analysis and phylogenetic analysis of rbcL gene clones from the rbcL mRNA of the Ballast Island site suggests that within the detection limits of the current assay, CO 2 fixation in the surface water was catalyzed predominantly by green algae whereas CO 2 fixation in the deeperwater zone (10 m deep) was performed mainly by diatoms. Intermediate water zones (5 m deep) appeared to consist of diverse groups of microorganisms; present in this zone were organisms which possessed rbcL sequences that were very similar to those of Cylindrotheca sp. strain N1, the green alga Chlorella ellipsoidea, the chromophyte Olisthodiscus luteus, and, to a lesser extent, rhodophytes, prymnesiophytes, and cryptophytes (Fig. 7) . These results suggest that the 5-m-deep zone may be a transition zone between surface water and deep water. These results are extremely interesting, because a similar "partition" of cyanobacterium-type and diatom-type rbcL gene expression was also observed between shallow-and deepwater zones in marine environments (35) . Unlike marine offshore environments, the western basin of Lake Erie is generally not stratified year-round (1, 5) and the water column was isothermal from 0-to 10-m depths at the Ballast Island station. Theoretically, planktonic community compositions at a particular site should be very similar because of the mixing of the water column. Here we present evidence of a functional stratification, i.e., CO 2 fixation conducted by different groups of organisms at different depths, in western Lake Erie. The finding that different groups of microorganisms were involved in CO 2 fixation with respect to water depth in western Lake Erie (as well as in marine offshore environments) may be attributable to differences in light-harvesting pigments, which preferentially absorb photons of different wavelength ranges, among these groups of organisms. Further research is needed to test this hypothesis, and, certainly, many more samplings at different sites are necessary before the aforementioned results may be considered a trend. Also significant in this investigation was the identification of partial rbcL genes from several apparently different species of chromophytic or rhodophytic algae from the Ballast Island station. Unlike land plants, green algae, and photosynthetic bacteria, the complete RubisCO gene sequences from chromophytes and rhodophytes are less abundant (4, 10, 14, 15, 20, 24) . It appeared that in Lake Erie, a diverse group of chromophytic and rhodophytic algae were actively involved in primary production and that several different strains of the same species (or several closely related species), represented by clones 10m1, 10m2, 10m9, 10m10, 10m3, 10m14, 5m4, and 5m26 (Fig.  7) , were the dominant CO 2 fixers at the subsurface water zone.
The availability of large numbers of chromophytic or rhodophytic rbcL sequences, albeit partial, enabled us to analyze homologies of functional peptide domains for this group of organisms. Two stretches of RubisCO amino acid sequence regions that were implicated as parts of the active site (18, 21, 28) were well conserved among both representative species and the newly discovered Lake Erie clones (Fig. 6) . Particularly interesting is that 9 of the 11 clones of the chromophytic or rhodophytic lineage contained Asn (N) instead of His (H) at position 118 (Fig. 6) , the same position that was previously found to be an exception (20) . The presence of histidine at this position in large subunits of 2 of the 11 clones supports the suggestion that this residue is not important in 3-phosphoglycerate binding (20) , at least in chromophytes and rhodophytes.
In conclusion, the present study illustrates the application of two different rbcL gene probes for the determination of RubisCO gene expression in Lake Erie and demonstrates the successful use of RT-PCR to obtain partial nucleotide sequences of actively transcribed genes (rbcL) of diverse evolutionary lineages in natural freshwater environments. The eventual cultivation of the dominant CO 2 -fixing species and the cloning and sequencing of the complete rbcL genes of these species will be important to further understand the environmental regulation of RubisCO gene expression and should contribute to an understanding of the population dynamics important for CO 2 fixation in a given environment. 
